Background: The nuclear Dbf2 related (NDR) family of protein kinases play important roles in cell-cycle regulation, apoptosis, cell morphogenesis, and development in a variety of organisms. In budding yeast, the NDR kinase complex composed of Cbk1 and its regulatory subunit, Mob2, have an established role in the control of cell separation/abscission that follows cytokinesis. Whereas the activators of Cbk1-Mob2 have been more extensively described, the mechanisms that restrict or inhibit Cbk1-Mob2 catalytic activity remain largely unknown. Results: We identified the protein Lre1 as a direct inhibitor of Cbk1-Mob2 catalytic activity. We show that Lre1 accumulates at the cell division site in late anaphase and associates with both Mob2 and Cbk1 in vivo and in vitro. Biochemical and functional analysis established that the ability of Lre1 to associate with Cbk1-Mob2 was reduced by mitotic Cdk1 activity and promoted by Cdc14 phosphatase at the end of mitosis. The inhibition of Cbk1-Mob2 by Lre1 was critical to promote the survival of cells lacking the actomyosin driven pathway of cytokinesis. Conclusions: We established Lre1 as a direct inhibitor of the NDR kinase Cbk1-Mob2, which is regulated in a cell-cycledependent manner. We propose that similar inhibitory proteins may also provide fine tuning for the activity of NDR kinases in other organisms.
Introduction
Cytokinesis, the final stage of the cell cycle, during which the mother and daughter cells become physically separated from one another, must be tightly coordinated with chromosome segregation to ensure the maintenance of ploidy among generations. In budding yeast, the mitotic exit network (MEN) signaling cascade controls the exit from mitosis and cytokinesis after chromosome segregation. MEN signaling begins with the activation of the GTPase Tem1, which activates downstream kinases including Cdc15 and the kinase complex Dbf2-Mob1. Dbf2-Mob1 drives the full export of the conserved phosphatase Cdc14 from the nucleolus/nucleus into the cytoplasm [1] . Active Cdc14 counteracts mitotic cyclin-dependent kinase (Cdk1) activity and promotes the inactivation of mitotic Cdk1 (mCdk1) itself. The downregulation of mCdk1 is required for the initiation of cytokinesis. Dbf2-Mob1 and Cdc14 also associate with the site of cytokinesis after mCdk1 inactivation, where they regulate components involved in cytokinesis [2, 3] .
In most eukaryotic cells, a contractile actomyosin ring (AMR) is assembled at the division plane to drive the ingression of the cleavage furrow and the insertion of new membrane material by targeted vesicles. In Saccharomyces cerevisiae, cytokinesis relies not only on AMR constriction but also on the formation of a chitin-rich septum, which is resolved by the action of specific hydrolases after cytokinesis, allowing the physical separation of the two cells [4] . The genes that encode the septum degrading enzymes are under the direct control of the transcription factor Ace2, which is sequestered in the daughter cell nucleus prior to cytokinesis [5] . Ace2 nuclear localization depends on the RAM (regulation of Ace2 function and cell morphogenesis) pathway. In late anaphase, Cbk1 localizes at the division site (bud neck), and a small pool gradually accumulates within the daughter cell nucleus. The latter Cbk1 pool regulates Ace2, while the function of Cbk1 at the bud neck remains unknown [5, 6] .
Cbk1, like the MEN kinase Dbf2, belongs to the conserved family of nuclear Dbf2-related (NDR)/large tumor suppressor (LATS) serine/threonine protein kinases, which are involved in cell-cycle control and morphogenesis in a variety of organisms [7] [8] [9] [10] . NDR/Lats kinases are positively regulated via autophosphorylation of the activation loop (T loop) and via phosphorylation of the C-terminal hydrophobic motif (HM) by upstream Ste20-like kinases [7] [8] [9] [10] . A common feature of NDR/Lats kinases is the association with Mps-one binder (MOB)-like proteins as an essential requisite for their catalytic activity. The same applies to Cbk1, which requires the regulatory subunit Mob2 for its function [11] . All upstream components of the RAM pathway thus far identified, including Kic1, Hym1, Tao3, and Sog2 [12] , are required for Cbk1 HM site phosphorylation, whereas the conserved residue serine in the T loop is subjected to autophosphorylation [13] . Both T loop and HM site phosphorylations are required to promote Cbk1-Mob2 function in vivo, yet T loop but not HM site phosphorylation is critical for Cbk1-Mob2 catalytic activity in vitro [13] . Whereas activators of Cbk1-Mob2 have been more extensively described, mechanisms that restrict or inhibit Cbk1-Mob2 catalytic activity are not yet established.
Here, we identified the protein Lre1 as a putative regulator of cytokinesis and as a substrate of mitotic Cdk1 and Cdc14. Of interest, Lre1 was reported to interact with Cbk1 in the yeast two-hybrid system [12] , and genetic epistasis analysis indicated that Lre1 affected cell separation via Cbk1 [14] , yet the molecular function of Lre1 remained uncharacterized. Using biochemical and genetic approaches, we now establish that Lre1 directly inhibits Cbk1-Mob2 catalytic activity through association with both Cbk1 kinase and its regulatory subunit, Mob2. Our findings support a model in which, in late mitosis, Cdc14 dephosphorylates Lre1, thereby promoting its binding to Cbk1-Mob2. The current study thus uncovers Lre1 as a novel Cdc14 substrate that directly inhibits a member of the conserved NDR/Lats class of protein kinases.
Results

LRE1
Is a High Gene Dosage Suppressor of tem1-3 cyk3D Cells To identify novel components involved in cytokinesis, we screened for high-dosage suppressors of the cytokinesis-deficient tem1-3 cyk3D mutant [15] . Tem1 is the most upstream component of the MEN [16] , while Cyk3 is a nonessential component of the cytokinetic apparatus [17] . Besides TEM1 and CYK3, we identified LRE1 as the most-prominent suppressor of the growth lethality of tem1-3 cyk3D cells ( Figure 1A) . Importantly, overexpression of LRE1 did not overcome the mitotic exit deficiency of tem1-3 cells grown at restrictive temperature (Figure S1A available online). Moreover, neither deletion nor overproduction of LRE1 influenced the timing of mitotic entry or exit in wild-type cells (Figures S1B and S1C), prompting us to postulate that Lre1 might influence processes other than mitotic exit.
Lre1 Binds to Cbk1 and Mob2 In Vivo and In Vitro
To further characterize Lre1, we analyzed its localization by fusing Lre1 to three copies of GFP (LRE1-3GFP) in cells carrying the AMR marker Myo1-3Cherry [18] . We performed population analysis using cycling cells because the Lre1-3GFP signal was too dim for time-lapse microscopy. Lre1-3GFP was mainly cytoplasmic, but it accumulated at the bud neck during or after AMR constriction ( Figure 1B , lower panel; 37% of large budded cells displayed Lre1-3GFP bud neck signal). Thus, Lre1 is recruited to the bud neck in late anaphase, after the onset of AMR contraction.
To gain more insight into the molecular function of Lre1, we screened for Lre1 interacting partners using the yeast twohybrid system. Lre1 interacted with Mob2, Cbk1, and Cdc14 ( Figure S2A ) [12] . The interaction between Lre1 and Cbk1 required both the N-and C-terminal domains of Cbk1 (Figure S2B) . Interestingly, Lre1-3GFP and Cbk1-3Cherry colocalized at the cell division site in the majority of large budded cells (63%; Figure 1C , lower panel). To investigate the timing of Lre1 and Cbk1 bud neck recruitment compared to AMR contraction, we analyzed CBK1-GFP MYO1-3Cherry cells by timelapse microscopy ( Figure 1D ). Cbk1-GFP accumulated at the bud neck and daughter cell nucleus 6-7 min before the onset of AMR contraction ( Figures 1D and 1E ). Cbk1-GFP did not contract with the AMR but remained as a disc-like structure at the division site ( Figure 1F ). Considering that Lre1 accumulated at the bud neck mainly in cells with a constricted AMR ( Figure 1C ), we concluded that Cbk1 colocalizes with Lre1 at the bud neck after AMR contraction.
To test whether Lre1 interacted with Cbk1-Mob2, we performed in vivo pull-down assays using functional endogenous tagged versions of Mob2, Cbk1, and Lre1. Lre1-3HA coimmunoprecipitated with both Cbk1-9Myc ( Figure 2A ) and Mob2-9Myc ( Figure 2B ). The Lre1-Cbk1 interaction was independent on Cbk1 catalytic activity, as comparable amounts of Lre1-3HA coimmunoprecipitated with either Cbk1-9Myc or the kinase-dead Cbk1-kd-9Myc ( Figure S2C ) [6] . Moreover, recombinant 6His-Lre1 bound to glutathione-S-transferase (GST)-Cbk1 ( Figure 2C , lanes 4 and 5) and GST-Mob2 (Figure 2C, lanes 6 and 7) , but not to GST alone ( Figure 2C , lanes 2 and 3), thereby demonstrating direct interactions. Collectively, our data indicate that Lre1 physically associates with Cbk1 and Mob2 in vivo and in vitro.
Lre1 Directly Inhibits Cbk1-Mob2 Catalytic Activity
The physical association of Lre1 with Cbk1-Mob2 prompted us to investigate whether Lre1 directly influenced Cbk1 activity. For this, we compared the catalytic activity of Cbk1-9Myc enriched from asynchronous yeast cells overexpressing LRE1 (2m-LRE1) or the empty vector (2m). Recombinant GSTAce2-N (codons 44 to 244) was used as a substrate [19] . Cbk1-9Myc catalytic activity was significantly decreased in cells carrying 2m-LRE1 (50% reduction in comparison to the control; Figures 3A and 3B) . We next assessed the contribution of endogenous Lre1 to the activity of Cbk1-Mob2 kinase complex. Cbk1-9Myc purified from lre1D cells exhibited an enzymatic activity that was 40% higher than that from wildtype cells ( Figures 3C and 3D ), indicating that Lre1 influenced Cbk1 catalytic activity in vivo.
The in vivo function of Cbk1 requires the binding of Cbk1 to Mob2, as well as Cbk1 phosphorylation at serine 570 (S570; T loop phosphorylation) and threonine 743 (T743; HM site phosphorylation) [6, 13] . We thus hypothesized that Lre1 could interfere with any of these events. However, the amount of Mob2 bound to Cbk1 remained unchanged after overexpression of LRE1 ( Figure S3A ). In addition, Lre1 overproduction did not significantly decrease the levels of S570 and T743 phosphorylation ( Figures S3B and S3C ). We also observed that Cbk1 interacted with the RAM components Kic1, Tao3, and Hym1 in a manner that was independent of Lre1 protein levels, when analyzed by the yeast two-hybrid system ( Figure S3D ) [11] . Together, these data implied that Lre1 inhibits Cbk1 activity by means other than interfering with the formation of Cbk1-Mob2 complex, T loop, or HM site phosphorylation.
To test whether Lre1 affects the catalytic activity of Cbk1 in vitro, we performed kinase assays using recombinant Cbk1-Mob2, GST-Ssd1, or GST-Ace2-N as substrates and increasing levels of 6His-Lre1 ( Figures 3E, 3F , and S3E) [13, 19] . Cbk1-Mob2 efficiently phosphorylated GST-Ssd1 but not GST in vitro ( Figure 3E , lane 1; data not shown). The Cbk1-Mob2-dependent phosphorylation of GST-Ssd1 was inhibited by Lre1 in a dose-dependent manner ( Figure 3E , lanes 1-5, and Figure 3F ). Similarly, Cbk1-Mob2 efficiently phosphorylated GST-Ace2-N in the absence but not in the presence of 6His-Lre1 ( Figure S3E ). Together, our data show that Lre1 directly inhibits Cbk1-Mob2-dependent phosphorylation of Ace2 and Ssd1 in vitro.
To investigate whether Lre1 competes with the substrate for binding to Cbk1-Mob2, we incubated the preassembled Cbk1-Mob2-Lre1 complex (immobilized on anti-GST beads via the GST-Mob2 moiety; Figure 3G , lane 1) with increasing amounts of Ace2 ( Figure 3G , lanes 3-7). The levels of Lre1 bound to Cbk1-Mob2 did not significantly change even upon incubation of the Cbk1-Mob2-Lre1 complex with a 14-fold excess of Ace2 ( Figure 3G , lane 7). In addition, the ability of Cbk1-Mob2 to associate with Ace2 was reduced in the presence of 6His-Lre1 ( Figure 3H , lanes 1-4). Our data demonstrate that Lre1 directly associates and inhibits the Cbk1-Mob2 complex, most likely by preventing the binding and phosphorylation of Cbk1 substrates.
Lre1 Is a Target of mCdk1 and Cdc14 Phosphatase
We next investigated whether Lre1 is subjected to cell-cycledependent phosphoregulation. The slow-migrating forms of Lre1-6HA increased during mitosis and were reduced at the time of mitotic exit ( Figure 4A , 75 min). The mobility shift of Lre1-6HA was due to phosphorylation as it vanished upon treatment with lambda phosphatase ( Figure S4A , lane 2). The increased Lre1 hyperphosphorylation during mitosis (Figure 4A ) prompted us to test whether Lre1 is an in vivo substrate of mCdk1 [20, 21] . For this, we made use of the Cdk1 analogsensitive mutant (cdk1-as1), which can be inactivated by the ATP analog 1NM-PP1 [22] . Addition of 1NM-PP1 abolished the accumulation of slow-migrating forms of Lre1 ( Figure 4B ). Furthermore, Cdk1 and Clb2 but not other cyclins coimmunoprecipitated with Lre1-6HA ( Figures 4C and S4B ), implying that mCdk1-Clb2 complexes contribute to Lre1 phosphorylation in vivo. We next performed in vitro kinase assays using purified Clb2-Cdk1-as1 and 6His-Lre1 as a substrate ( Figure S4C ). Clb2-Cdk1-as1 phosphorylated Lre1 in the absence but not in the presence of 1NM-PP1 ( Figure S4C , lanes 4-6). Further analysis of Lre1 protein sequence revealed five full (S/T-P-X-K/R) and 15 minimal (S/T-P) Cdk1 consensus sites. Four of these sites are phosphorylated in vivo ( Figure 4D ) [20, 23, 24] . Mutation of five full Cdk1 consensus sites of Lre1 to alanine (6His-Lre1-5A) significantly reduced the phosphorylation by Cdk1 ( Figure 4E , lane 7, and Figure 4F ). Mutagenesis of additional two minimal sites (6His-Lre1-7A), previously found to be phosphorylated in vivo [23, 24] , nearly completely abolished the phosphorylation by Clb2-Cdk1-as1 ( Figure 4E , lane 6, and Figure 4F ). Thus, Lre1 is a substrate of mCdk1 both in vitro and in vivo.
Given that Cdc14 counteracts mCdk1 phosphorylation [25] , we asked whether Cdc14 contributes to the cell-cycle regulation of Lre1. In vitro, Lre1-6HA immunoprecipitated from metaphase-arrested cells was efficiently dephosphorylated by recombinant active Cdc14 ( Figure 4G , lanes 2-4), but not catalytically inactive Cdc14-C283S ( Figure 4G , lane 5) [26] . To investigate whether Cdc14 dephosphorylates Lre1 in vivo, we synchronized wild-type and cdc14-2 cells carrying LRE1-6HA in the G1 phase and allowed them to undergo cell-cycle progression at the restrictive temperature to inactivate Cdc14-2 function. Hyperphosphorylated forms of Lre1-6HA decreased at the time of mitotic exit in wild-type but not in cdc14-2 cells ( Figure 4H ). These data imply that Cdc14 contributes to Lre1 dephosphorylation after mitotic exit.
Dephosphorylation of Lre1 by Cdc14 Promotes the Interaction of Lre1 with the Cbk1-Mob2 Complex
To determine the in vivo significance of Lre1 phosphorylation/ dephosphorylation events, we generated LRE1 phosphomimetic (serine/threonine substitutions to aspartic acid, lre1-7D) and phosphoblocking (serine/threonine substitutions to alanine, lre1-7A) mutants. The proportion of the rapidly migrating form was increased in the case of Lre1-7A, whereas it was strongly reduced in Lre1-7D compared to Lre1 protein profile ( Figure S4D ). We next compared the binding of Lre1 wild-type and phospho mutants to Cbk1 and Mob2. Lre1 fulllength and Lre1-7A but not Lre1-7D efficiently bound to Cbk1 and Mob2 in the yeast two-hybrid system ( Figure 5A ) or in coimmunoprecipitation assays ( Figures 5B, 5C , S4E, and S4F). These data implied that phosphorylated Lre1 associates less efficiently with Cbk1 and Mob2. To investigate whether mCdk1 inhibits the formation of Lre1-Cbk1 complex, we performed in vitro binding assays using Lre1 prephosphorylated by purified Clb2-Cdk1-as1 ( Figure 5D ). The interaction between Cbk1 and Lre1 was abolished upon prephosphorylation of Lre1 by Clb2-Cdk1-as1 ( Figure 5D , lane 5), in contrast to reactions in which Clb2-Cdk1-as1 was absent ( Figure 5D , lane 4) or inactive ( Figure 5D , lane 6). Importantly, a significantly lower specific catalytic activity was observed for Cbk1 enriched from cells overexpressing 2m-LRE1 but not 2m-lre1-7D ( Figure 5E , lanes 6-8). Importantly, the protein levels of endogenous or overproduced Lre1-7D were comparable to those of Lre1 or Lre1-7A ( Figures S4D and S4G ). These data indicate that phosphorylation of Lre1 by mCdk1 restricts the binding of Lre1 to Cbk1. Conversely, the incubation of prephosphorylated Lre1 with Cdc14 promoted the association of Lre1 with Cbk1-Mob2 ( Figure S4H , lane 2 and 4). Together, we concluded that dephosphorylation of Lre1 by Cdc14 promotes Cbk1-Mob2-Lre1 complex formation and thereby the inhibition of Cbk1 catalytic activity. If our hypothesis were to be correct, Cdc14, whose full activation occurs in late anaphase, should trigger the interaction between Lre1 and Cbk1-Mob2. Cdc14 promotes mCdk1 downregulation, spindle breakdown, and cytokinesis [3, 25, 27] . To determine the cell-cycle stage in which Lre1 and Cbk1 interacted, we performed ex situ colocalization experiments by adopting the GFP-entrapment strategy based on the GFP-binding protein (GBP) [28, 29] . For this, we constitutively targeted Lre1-GFP to the spindle pole body (SPB) of cells expressing the core SPB component SPC42 fused to GBP ( Figure 5F ) and asked whether Cbk1-3Cherry colocalized with Lre1-GFP at SPBs in a cell-cycle-dependent manner. While Lre1-GFP accumulated at the SPBs independently of the cell-cycle stage ( Figure 5F ), Cbk1-3Cherry colocalized with Lre1-GFP shortly after SPB collapse, which is a consequence of the spindle breakdown that follows Cdc14 full activation ( Figure 5F , panel d, and Figure 5G ) [30] . Cbk1-3Cherry persisted at the SPB until the following G1 phase ( Figure 5E , panel a, and Figure 5G ). Lre1-7A-GFP recruited Cbk1-3Cherry to the SPB throughout the cell cycle ( Figure 5F , panels e-h, and Figure 5G ), while in the lre1-7D-GFP background Cbk1-3Cherry was barely detectable at the SPB ( Figure S4I , panels e-h). Similar results were obtained by entrapment of Lre1-GFP to the mother cell cortex via Sfk1-GBP. In this case, Cbk1-3Cherry was recruited at the mother cortex specifically during telophase and the following G1 (Figure S4J) . To obtain additional evidence that Cdc14 promoted the interaction between Lre1 and Cbk1 in vivo, we ectopically expressed CDC14 in metaphase-arrested LRE1-GFP SPC42-GBP CBK1-3Cherry cells. The overproduction of active, but not inactive, Cdc14 was able to promote the binding of Cbk1-3Cherry to SPB-trapped Lre1-GFP in metaphase ( Figure S4K , arrowheads, and Figure S4L ). These findings 2-7) . After washing, the immobilized protein complexes were incubated with increasing amounts of E. coli purified MBP-Ace2 (lanes 3-7) . The amount of Lre1 that remained associated with 6His-Cbk1/ GST-Mob2 is indicated. MBP-Ace2 blotted onto nitrocellulose membrane was visualized by Ponceau S staining. 6His-Lre1 was visualized using anti-His antibody, and 6His-Cbk1/GST-Mob2 was analyzed using anti-GST antibody. (H) The purified 6His-Cbk1/GST-Mob2 complex was preincubated with buffer only (lane 1) or increasing amounts of 6His-Lre1 (lanes 2-4). Beads carrying MBP-Ace2 were added to the reactions and incubated for 1 hr. After washing, the amount of 6His-Cbk1/GST-Mob2 associated with MBP-Ace2 beads was determined. MBP-Ace2, 6His-Lre1, and 6His-Cbk1/GST-Mob2 were analyzed as described in (G). See also Figure S3. collectively indicate that the interaction between Lre1 and Cbk1 is promoted by Cdc14-dependent dephosphorylation of Lre1.
LRE1 Becomes Essential for Cell Survival in the Absence of MYO1
Lre1 has been proposed to downregulate Ace2-dependent transcription based on the observations that overproduced Lre1 impaired cell separation and accumulation of CTS1 messenger RNA (mRNA) [14] . Indeed, overexpression of LRE1 caused the accumulation of multibudded cells in our strain background ( Figure S5A ). We thus asked whether the enhanced levels of Lre1 arising from overproduction negatively affected either Cbk1 nuclear localization or Ace2 activation. The amount of Cbk1-GFP that accumulated at the daughter nucleus, where the phosphodependent activation of Ace2 occurs [19] , was only mildly decreased upon LRE1 overexpression ( Figures S5B and S5C ). In addition, we monitored the mRNA levels of two Ace2 target genes, CTS1 and DSE2, by RT-PCR analysis using cell-cycle-synchronized cultures. Surprisingly, ectopically produced Lre1 significantly affected neither the mRNA levels of CTS1 or DSE2 ( Figure S5D ) (H) CDC14 LRE1-6HA and cdc14-2 LRE1-6HA cells were synchronized with a factor (2 hr at 23 C and 1 hr at 37 C) and released from the G1 block at 37 C in medium without a factor. Samples were analyzed by immunoblotting using anti-HA and anti-Sic1 antibodies. Tubulin served as a loading control. The asterisks indicate the hyperphosphorylated forms of Lre1-6HA. See also Figure S4. nor the steady-state protein levels of Dse2 ( Figure S5E ). We therefore considered it unlikely that ectopically overproduced Lre1 inhibits the function of Cbk1 toward Ace2.
Given that Lre1 accumulates at the bud neck in late anaphase, we asked whether Lre1 may play a role in cytokinesis. The deletion of LRE1 did not influence the timing of septin splitting and/or AMR contraction ( Figures S6A and S6B ), indicating that Lre1 is not required for the efficient execution of these processes. In yeast, two interconnected pathways, related to AMR function (AMR dependent) and septa biogenesis (AMR independent), drive cytokinesis [15, 17] . The deletion of either pathway does not impair cell viability; however, the deletion of both causes cell death. We took advantage of this genetic approach to investigate whether LRE1 was functionally linked to components of the AMR-dependent (MYO1) or -independent (HOF1, CYK3) pathways. The simultaneous absence of LRE1 and HOF1 or CYK3 did not impair cell growth . In vitro binding assays were performed using bacterial purified GST-Cbk1 (immobilized on beads) and 6His-Lre1. In lanes 5 and 6, 6His-Lre1 was subjected to phosphorylation using purified Clb2-Cdk1-as1 in the absence (lane 5) or presence of the Clb2-Cdk1-as1 inhibitor (1NM-PP1, lane 6). GST beads served as negative control for unspecific binding of 6His-Lre1 to GST (lanes 1-3) . The amounts of GST, GST-Cbk1 and Clb2-Cdk1-as1 in each reaction were visualized with anti-GST and anti-Clb2 antibodies as indicated.
(E) Cbk1-kd-9Myc (lanes 5 and 9) or Cbk1-9Myc (lanes 2-4 and 6-8) was immunoprecipitated from lre1D cells carrying CEN-LRE1, 2m-LRE1, and 2m-lre1-7D plasmids as indicated. Cbk1-9Myc specific catatylic activity was determined using bacterially purified GST-Ace2-N. Immunoprecipitated Cbk1 amounts, autoradiograph ( Figure S6C, lanes 1-6) . However, the deletion of both MYO1 and LRE1 caused growth sickness ( Figure S6C , lanes 7-9, and Figure 6A, lanes 1 and 2) . Interestingly, overexpression of genes involved in septum biogenesis (CYK3, INN1, or CHS2) was able to restore the viability of myo1D lre1D cells (Figure 6A, lanes 3-5) , suggesting that Lre1 may work in parallel to the AMR-dependent pathway to promote cytokinesis.
If the lethality of myo1D lre1D cells was a consequence of high Cbk1 catalytic activity, the deletion of CBK1 should rescue the growth defect of myo1D lre1D cells. Indeed, the growth fitness of myo1D lre1D cells increased upon CBK1 knockout ( Figure 6B, lane 1) . The introduction of active but not inactive CBK1 in myo1D lre1D cbk1D cells impaired growth ( Figure 6B, lanes 2 and 3) . These data suggested that the catalytic activity of Cbk1 contributed to the growth sickness of myo1D lre1D cells. In line with this assumption, we were able to improve the growth of myo1D lre1D cells by overproducing either wild-type Lre1 or Lre1-7A, which efficiently bound and inhibited Cbk1 ( Figure 6C, lanes 1-3) . In contrast, no rescue was observed after overproduction of Lre1-7D ( Figure 6C, lane  4) , which neither efficiently bound nor inhibited Cbk1 ( Figures  5B and 5E) . Collectively, our data suggest that the in vivo inhibition of Cbk1 catalytic activity by Lre1 becomes essential for cell survival in the absence of a functional AMR.
Discussion
Saccharomyces cerevisiae Cbk1 and Dbf2 belong to the conserved family of NDR/Lats kinases involved in the control of the cell cycle, centrosome duplication, morphogenesis, and/or cytokinesis [7] [8] [9] 31] . In yeast, Cbk1 is the downstream effector of the RAM pathway, which controls cell morphogenesis and the Ace2-dependent transcriptional program that leads to cell separation [6, 9, 32, 33] . Here, we established Lre1 as a direct binding partner and inhibitor of the Cbk1-Mob2 kinase complex. Our data are in agreement with a previous report that classified Lre1 as a negative regulator of Cbk1, yet a role for Lre1 in Cbk1 regulation remained unknown [14] . Using biochemical approaches, we now provide a molecular understanding for Lre1 function. We show that Lre1 associates with Cbk1 in vivo in a manner that is independent of Cbk1 kinase activity. The binding of Lre1 to Cbk1 is direct, as Lre1 associated with recombinant Cbk1 in vitro. Moreover, Lre1 inhibited the catalytic activity of the Cbk1-Mob2 complex in a dose-dependent manner. The specific catalytic activity of Cbk1 enriched from yeast cells was decreased by LRE1 overexpression and increased in cells lacking LRE1, indicating that Lre1 is a physiological inhibitor of Cbk1.
The activity of Cbk1 depends upon its association with the regulatory subunit Mob2, in addition to phosphorylation at the T loop and HM residues, which promotes Cbk1 catalytic activity and/or localization [6, 13] . The mammalian counterparts of Cbk1, the nuclear-Dbf2-related kinases 1 and 2 (NDR1/2), can be negatively regulated through competitive inhibition of NDR1/2 upstream activators [34] . More specifically, the multidomain flavoprotein monooxygenase MICAL-1 was reported to interfere with NDR1/2 activation by blocking NDR1/2 phosphorylation by MST1 [35] . Furthermore, MOB2 was shown to decrease the association of NDR1/2 with MOB1, which is required for NDR1/2 autophosphorylation and thereby activation [34] . We found that Lre1 also interacted with Mob2 both in vitro and in vivo. However, Lre1 neither impeded Cbk1-Mob2 complex formation nor influenced the levels of Cbk1 phosphorylation at serine 570 (T loop) or threonine 743 (HM) in vivo. This indicates that Lre1 most likely does not influence Cbk1-Mob2 complex formation, autophosphorylation, and/or activation by the upstream components of the RAM pathway. Our data indicate that Lre1 most likely engages in a tight interaction with Cbk1 and Mob2, thereby blocking the binding to substrates. We propose that Lre1 may directly inhibit the catalytic activity of the Cbk1-Mob2 complex in an analogous fashion to the way that the conserved Cip1/Kip1 class of Cdk inhibitors decrease the activity of Cdk-cyclin complex by binding to both the Cdk kinase and its cyclin partner. This class of inhibitors contrasts with the INK4 family, which binds exclusively to Cdk kinases competing with the cyclins [36, 37] . Interestingly, overproduction of Lre1 blocked cell separation but not mitotic exit, indicating that Lre1 does not inhibit the activity of Dbf2, which shares 21% homology with Cbk1 but is involved in mitotic exit rather than cell separation [6] .
Our findings suggest that the phosphorylation status of Lre1, which is under the control of Cdk1 and Cdc14, regulates its ability to interact with Cbk1 and Mob2. Mitotic Cdk1 phosphorylated Lre1 and decreased the ability of Lre1 to interact with Cbk1-Mob2. The weaker association between phosphomimetic Lre1-7D and Cbk1 was also mirrored by the inability of lre1-7D overexpression to rescue the lethality of tem1-3 cyk3D cells (data not shown) and to efficiently inhibit Cbk1 catalytic activity in vitro. Collectively, our data support a model in which Cdk1-dependent phosphorylation of Lre1 restricts the association between Lre1 and the Cbk1-Mob2 complex after AMR contraction ( Figure 6D ). However, we cannot exclude the possibility that additional mechanisms, e.g., related to Cbk1 regulation, also contribute to Cbk1-Lre1 complex formation.
The inactivation of mCdk1, which occurs after completion of chromosome segregation, allows the onset of AMR contraction and primary septum biogenesis. These processes are followed by the deposition of the secondary septum, which is subsequently resolved by specific hydrolases under Ace2 control [5] . The MEN, via the activation of Cdc14, functions upstream of both, cytokinesis and cell separation [38] . Cdc14 dephosphorylates key components involved in AMR contraction and primary septum formation, but also dephosphorylates Cbk1 and Ace2 to promote the translocation of these factors into the daughter nucleus [3, 32, [39] [40] [41] . Therefore, Cdc14 may promote Cbk1 activation, nuclear import of Ace2, and AMR contraction almost simultaneously. Several lines of evidence support the view that Cdc14 also dephosphorylates Lre1, which in turn promotes complex formation between Lre1 and Cbk1 at the end of mitosis, thereby counteracting Cdk1 phosphorylation. The ectopic expression of catalytic active but not inactive Cdc14 was sufficient to promote Cbk1-Lre1 interaction in metaphase-arrested cells. This binding behavior could be reproduced in vitro upon incubation of prephosphorylated Lre1 with active but not inactive Cdc14. The ex situ localization experiments using the GBP strategy revealed that Cbk1 associates with Lre1 in late mitosis/early G1 but not at other phases of the cell cycle. Importantly, Cbk1 colocalized with the nonphosphorylatable Lre1-7A ex situ irrespectively of the cell-cycle stage. Lre1 accumulated at the bud neck and colocalized with Cbk1 at this location after completion of AMR contraction, indicating that Lre1 is a late substrate of Cdc14. As Cdc14 persists at the division site after AMR constriction [3] , Lre1 may be constantly dephosphorylated by Cdc14 at the bud neck. We thus suggest that by promoting Lre1-Cbk1 complex formation, Cdc14 may selectively inhibit Cbk1-Mob2 catalytic activity toward a specific budneck-associated component after AMR contraction.
Which function of Cbk1 is inhibited by Lre1? Clearly, Cbk1 associated with the bud neck and localized at the daughter cell nucleus almost simultaneously and well before the onset of AMR contraction [6] (Figures 1D and 1E ). This indicates that Cbk1 resides at the site of cell division and activates Ace2-dependent transcription during late mitosis at the daughter cell nucleus, before Lre1 is recruited to the cell division site. Interestingly, the deletion of LRE1 was lethal in cells lacking the AMR component MYO1. Deletion of CBK1 or inactivation of its catalytic activity rescued the growth of myo1D lre1D cells, implying that Lre1 is essential to inhibit Cbk1 activity under these conditions. Moreover, the viability of myo1D lre1D cells could be rescued by the overexpression of genes involved in primary and/or secondary septum formation (Figure 6A) . Considering that Cbk1-Mob2 accumulates at the bud neck before AMR contraction and remains at this site until cell separation is completed ( Figures 1D-1F ) [6] , it is tempting to speculate that Cbk1-Mob2 may influence cytokinesis and/or cell separation by phosphorylating yet-unknown budneck-associated targets. In this respect, Lre1 may become essential to locally inactivate Cbk1 signaling at the site of cell division after AMR contraction. Of importance, although overexpression of LRE1 was reported to inhibit the expression of chitinase (CTS1) [14] , the increased levels of Lre1 did not significantly inhibit Ace2-dependent transcription and/or translation of the cell-wall-degrading enzymes in our experimental setup. Differences in strain background and/or expression levels of LRE1 could account for this discrepancy. Our data suggest that Lre1 may regulate a function of Cbk1-Mob2 that is not related to transcription and/or translation control. This function could instead be related to the regulation of secretion, as previously suggested [42] . The identification of Cbk1 substrates at the bud neck will help to elucidate which function of Cbk1-Mob2 is inhibited by Lre1 after the completion of AMR constriction.
In pathogenic fungi, NDR kinases play an important role in cell separation and cell proliferation [21] . Interestingly, Lre1 shares 32% of conservation with an uncharacterized protein (NCBI accession number XP_444993) of the pathogenic fungus Candida glabrata. However, we have been unable to identify homologs of Lre1 in higher eukaryotes based solely on the criteria of sequence similarity. This limitation is not uncommon, if one considers that inhibitors of Cdk kinases, originally identified in yeast [43] , do not show high degree of protein sequence homology to their mammalian orthologs, despite the high degree of functional conservation [37, 44] . Thus, we speculate that Lre1-like inhibitors could exist to regulate NDR class of kinases in organisms other than budding yeast. Four NDR/Lats kinases have been identified in mammalian cells (NDR1/2 and LATS1/2). The misregulation of NDR1/2 has been associated with the development of several tissue specific tumors (lung, ovary, and breast cancer) [45] [46] [47] . By acting as tumor suppressors, the activity of NDR kinases must be kept under tight control [48] . It is thus conceivable that a Lre1-like inhibitor could specifically fine tune the activity of NDR kinase complexes at different stages of the cell cycle. As Cdk1 and Cdc14 are also conserved in higher eukaryotes, a putative Lre1-like inhibitor could also be locally activated by a mechanism of phosphorylation/dephosphorylation balance. We envisage that the identification of such a class of inhibitors for NDR kinases in higher eukaryotes may open a novel exciting aspect in future basic and applied cancer research.
Experimental Procedures Yeast Strains and Growth Conditions
Yeast strains and plasmids used in this study are listed in Tables S1 and S2 . Throughout this study, two strain backgrounds were used, namely YPH499, which carries an inactive form of the gene SSD1, and ESM356, in which SSD1 is functional. Please note that CBK1 becomes essential for growth in the presence of a functional SSD1 [12] . Gene deletions and epitope tagging were performed using PCR-based methods [49] . Yeast cell cultures were grown and synchronized as described [50] .
Protein Methods and Protein Purifications
Yeast protein extracts and immunoblotting were performed as described previously [2, 3] . GST, 6His, and MBP fusion proteins were induced in E. coli BL21 (DE3) and purified according to the manufacturer's instructions. Buffer exchange of the purified proteins was performed using PD MiniTrap G-25 sephadex columns (GE Healthcare). Clb2-Cdk1-as1 was purified from yeast cells as described [21] .
In Vitro Kinase and Dephosphorylation Assays Cbk1-9Myc kinase assay was performed as previously described [19] . For the in vitro inhibition assay, 6His-Cbk1/GST-Mob2 kinase complex was preincubated with increasing amounts of 6His-Lre1 for 15 min at 4 C, and the activity was assayed using GST-Ssd1 or GST-Ace2-N as substrates. All recombinant proteins were purified from E. coli. Clb2-Cdk1-as1 kinase assays were performed as described [51] . Radioactivity was detected using a Bas 1800 II imaging system (Fujifilm). In vitro dephosphorylation assays were performed as described [26, 51] . For Cdk1 inhibition, Clb2-Cdk1-as1 was treated with 0.5 mM 1NM-PP1 (Sigma) [21] . More-detailed experimental procedures are supplied in the Supplemental Information.
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